A recent result of the T2K experiment has strongly favored a non-zero CP -odd phase δ in the neutrino mass matrix, which is also preferred in the global fit of neutrino oscillation data.
I. INTRODUCTION
We have observed more matter than antimatter in our daily lives, e.g., more protons than antiprotons, more electrons than positrons, and more hydrogen than anti-hydrogen.
The list can go on and on. Indeed, experimentalists have also observed more matter than anti-matter in cosmic ray experiments. Such an asymmetry is known as matter-antimatter asymmetry. Charge-Parity (CP ) violation is one of the key ingredients to the understanding of the evolution in the early Universe why we have observed more matter than antimatter nowadays. CP violation was first observed in the Kaon system in early 60's [1] . It was only evident until early 2000 that CP violation was observed in the B-meson system [2] . Both Kaon and B-meson CP violation data can be accommodated by the so-called Kobayashi- Maskawa (KM) mixing matrix in the quark sector [3] within the standard model (SM). It is well-known that the amount of CP violation allowed by the SM is not large enough to explain the matter-antimatter asymmetry of the Universe. Further sources of CP violations are hot topics for physics beyond the SM.
Recently, the T2K experiment reported measurements of appearance rates for ν µ → ν e andν µ →ν e , and they found that they indeed have different rates. Thus, it is a hint of CP violation and thus resulting in nonzero values for the CP -odd phase δ. The data preferred maximal θ 23 mixing, δ CP ∼ −π/2 (or equivalently 3π/2), and normal mass hierarchy (NH) over the inverted mass hierarchy (IH) [4] . The fitted range for δ CP is given by 
at 90% CL, with the best fit at around δ CP ∼ −π/2 (NH) (or equivalently 3π/2). Also, the experiment claimed a 90%CL exclusion of δ = 0 and π. This is consistent with the most recent global analysis of neutrino oscillation data [5] .
In this work, we show that the radiative neutrino-mass model, due to Krauss, Nasri, and Trodden (KNT) [6] , can accommodate the CP -odd phase with the choice of the complex f αβ parameters. The KNT model generates tiny neutrino masses based on a 3-loop diagram with right-handed (RH) neutrinos at TeV scale and a Z 2 symmetry to avoid the type-I see-saw mass. It was also shown that the TeV scale RH neutrinos can be the dark matter candidate and searchable at the future linear colliders [7] .
We shall extend the model by employing three RH neutrinos and complex f αβ parameters, so that we can satisfy not only neutrino oscillation data and dark matter constraints, but also the lepton-flavor violations, as well as favors a nonzero CP -odd phase. The whole setup is consistent with neutrino oscillation data, lepton-flavor violations, µ-e conversion, and dark matter constraints.
The paper is organized as follows. In the next section, we describe the KNT model with 3 RH neutrinos and the neutrino mass matrix, as well as the constraints and phenomenology of the model, such as lepton-flavor violations, dark matter, and collider physics. We also
show numerically that the model is consistent with all the data. Section III is devoted for conclusions and discussion.
II. MODEL
In this section, we briefly describe the KNT model and the corresponding active neutrino mass matrix, as well as all the existing constraints.
A. Model setup
We show all the field contents and their charge assignments in Table I . The relevant Lagrangian and the Higgs potential are, respectively, given by
where i, j = 1-3 and α, β = e, µ, τ are the generation indices, σ 2 is the second component of the Pauli matrices, f is an anti-symmetric matrix, and we assume λ 0 to be real for simplicity.
Notice here that the first term in L induces the charged-lepton mass eigenstates, (which are
, therefore, the MNS mixing matrix arises from the neutrino mass matrix only.
Vacuum stability: Since we have two singly-charged scalar bosons, the pure couplings λ S 1 and λ S 2 should be greater than zero in order to avoid giving them nonzero vacuum expectation value (VEV). Therefore, we have to satisfy the following conditions up to the one-loop level:
where 
B. Active neutrino mass matrix
The neutrino mass matrix is induced at the three-loop level, and its formula is given by
where
Note here that the three-loop function F III is obtained 
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r N i is fixed at r S 2 = 10 −4 , the blue one at r S 2 = 0.1, and the black one at r S 2 = 100.
by numerical integration. Thus, we are preparing an interpolation function to evaluate F III in our numerical analysis. We show the typical behavior of this function in Fig. 1 .
Assuming that the mass matrix for the charged-leptons is diagonal, the neutrino mass matrix M ν ab is diagonalized by the MNS mixing matrix V MNS , which is written in terms of experimental values as follows 1 : 
where D ν ≡ (0, m ν 2 , m ν 3 ) and we have used the following neutrino oscillation data at 3σ
1 Here we focus on the normal hierarchy of the neutrino masses, because inverted one might not have an allowed region [7] .
level [8] given by 0.278 s 2 12 0.375, 0.392 s 2 23 0.643, 0.0177 s 2 13 0.0294, 0.048 eV m ν 3 0.051 eV, 0.0084 eV m ν 2 0.0090 eV, (11) and the Dirac phase δ and Majorana phases α 1,2 are taken to be δ, α 1,2 ∈ [0, 2π] in the numerical analysis. Notice here that one of three neutrino masses is zero because f is an anti-symmetric matrix, which is symbolized as
Therefore, one can rewrite any two components of f in terms of experimental values and the remaining component of f [9] . Here we select as follows: 
Thus only f µτ , which does not contribute to the neutrino mass structure because it is an overall parameter, is an input parameter in our numerical analysis, and we will search for the allowed region in the parameter space by comparing with the experimental values in Eqs. (9) . Furthermore, since the matrix g αi is also independent of the determination of the neutrino mass structure (See Eq. 7), we assume it is the real matrix for simplicity.
C. Lepton Flavor Violations and Muon Anomalous Magnetic Moment
ℓ α → ℓ β γ process: First of all, let us consider the processes ℓ α → ℓ β γ at one-loop level 2 .
The formula for the branching ratio can generally be written as
where α em ≈ 1/137 is the fine-structure constant, C α = (1, 1/5) for (α = µ, τ ), G F ≈ 1.17 × 10 −5 GeV −2 is the Fermi constant, and a L/R is respectively given as
Once we assume that m ℓα ≫ m ℓ β , the formula can be simplified to
µ-e conversion: The µ-e conversion rate R can also be written in a similar form as
where we neglect the contribution from the Higgs-mediated digram due to the Yukawa coupling suppression, C µe ≡ 4α Table III . One remark from this table is that the sensitivity of Titanium will be improved by several orders of magnitude in near future. Therefore the model testability will increase drastically.
Lepton Universality: A number of lepton-universality experiments (e.g., W boson couplings, Kaon decays, pion decays, etc) restrict the coupling of f αβ , and the bounds are summarized in Table IV [9] . ℓ α → ℓ β ℓ γ ℓ σ processes: We have three-body decay LFV processes at one-loop level with the box-type diagram arising from f and g, however these contributions are usually negligibly tiny compared to the processes ℓ α → ℓ β γ. Thus, we do not consider them here, but see for details in, e.g, Ref. [11] 4 .
Process (i, j) Experimental bounds (90% CL) References Muon anomalous magnetic moment: The formula for the muon g − 2 can be written in terms of a L and a R , and simplified as follows:
Notice here that this contribution to the muon g −2 is negative, yet it is negligible compared to the deviation in the experimental value O(10 −9 ) [18] .
D. Dark Matter
Relic density: Here we identify N 3 as the DM candidate and denote its mass by M N 3 ≡ M X . Also, we include the coannihilation system with [N 1 , N 2 , S ± 2 ] in order to suppress the relic density to satisfy the experimental value. We adopt the approximation in relativevelocity expansion up to the p-wave. The relic density is then given by
where g * ≈ 100, M P ≈ 1. p-wave can be written in terms of summations over several modes as follows:
Furthermore, a(b) ij→kℓ is given in terms of the cross section expanded by the relative velocity v rel as follows:
dθ sin θ, and
Now the explicit forms for a and b should be written down, where the a(N iNj → ℓl), a(N iNj → ℓl), and b(XX → ℓl) can be found in [19] . Thus, we write down the other modes
as mass invariant squared:
where s θw (c θw ) ≡ sin θ w (cos θ w ) denotes the Weinberg angle with sin 2 θ w = 0.23,
and p 1/2 are the initial momenta and k 1/2 are the final momenta. In appendix, we explicitly with nucleon through γ/Z at one-loop level [21] . However it does not reach the sensitivity of current detectors such as LUX [22] .
E. Collider physics
The collider signatures for the KNT model were considered in Ref. [7] for linear colliders.
We shall briefly highlight here. The lightest RH neutrino N 3 is the dark matter candidate, while the other RH neutrinos N 1,2 and the charged boson S The decay of N 1,2 is analogous to the heavier neutralinosχ 0 2,3 in the minimal supersymmetric standard model (MSSM), which can then give a pair of charged leptons plus missing energies. On the other hand, the decay of S ± 2 is analogous to the slepton in MSSM. Therefore, the limits from e + e − colliders mainly come from LEP2, and the limits are roughly [23] , without taking any assumption on the underlying particle theory,
85 − 105 GeV .
At hadron colliders, the leading order production process is the Drell-Yan process pp that we are considering here.
F. Numerical analysis
In this subsection, we show the allowed parameter space region that satisfies all the constraints. i.e., vacuum stability for charged bosons, neutrino oscillations, LFVs, and the relic density of DM. At the first step, we fix some parameters as λ 0 = 4π, and λ S 1(2) = π, where λ 0 is chosen at the limit of perturbativity, which is in favor of inducing sizable neutrino masses. Then we prepare 20 million random sampling points for our relevant input parameters in the following ranges: π could be in favor of the measured relic density of DM, which is in agreement with the current neutrino oscillation data. The red-shaded region is the 90%CL preferred range from T2K. It is then clear that the KNT model indeed has many parameter space points that satisfy the LFV violations, DM relic density, and oscillation data, in particular the CP -odd phase δ.
In Fig. 3 , we show the correlations between M X and m S 2 in the left panel, and between M X and M N 1 in the right panel, where we have fixed δ = 3π/2 as the best fit value from the T2K experiment. Notice here that the color code of the points remains the same as in Fig. 2 . It can be seen that that the coannihilation process with S ± 2 is more crucial than those with N 1(2) in reproducing the correct relic density.
III. CONCLUSIONS
Motivated by a recent result of T2K on the CP -odd phase δ [4] , we have studied the possibility of accommodating the CP -odd phase δ in the framework of the Krauss-NasriTrodden (KNT) model supplemented by a total of 3 right-handed neutrinos of mass TeV.
We have analyzed the neutrino oscillation data, lepton-flavor violations, and the DM relic density in a coannihilation system including S ± 2 and N 2,1 in the setup, and found the allowed parameter regions that satisfy all the above constraints, in particular the whole setup can easily accommodate the CP -odd phase δ in the range preferred by the T2K experiment.
Before we conclude, we would like offer a few interesting observations as follows. π could be in favor of the measured relic density of DM (shown in Fig. 2 ), which is in agreement with the current neutrino oscillation data, in particular it can accommodate the range of the CP -odd phase δ preferred by T2K.
The region
2. We do not find any allowed parameter space below about 1 TeV of the mass M X ≡ M N 3 of the DM.
3. Once we satisfy the constraints of ℓ α → ℓ β γ processes, the other LFVs such as lepton universality and µ-e conversion are automatically satisfied in our framework.
4.
The minimal values of R Al and R T i respectively reach at 8×10 −16 and 1.5×10 −15 , which will be within the search ranges of the future experiment of COMET Collaboration [14] .
5. The typical scale of the muon g − 2 is 10 −12 ∼ 10 −11 with negative sign, which has negligible effects on the deviation of the experimental g − 2 value of O(10 −9 ).
